Previous studies of HLA-E allelic polymorphism have indicated that balancing selection may be acting to maintain two major alleles in most populations, indicating that a functional difference may exist between the alleles. The alleles differ at only one amino acid position, where an arginine at position 107 in HLA-E*0101 (E R ) is replaced by a glycine in HLA-E*0103 (E G ). To investigate possible functional differences, we have undertaken a study of the physical and biochemical properties of these two proteins. By comparing expression levels, we found that whereas steady-state protein levels were similar, the two alleles did in fact differ with respect to cell surface levels. To help explain this difference, we undertook studies of the relative differences in peptide affinity, complex stability, and three-dimensional structure between the alleles. The crystal structures for HLA-E G complexed with two distinct peptides were determined, and both were compared with the HLA-E R structure. No significant differences in the structure of HLA-E were induced as a result of binding different peptides or by the allelic substitution at position 107. However, there were clear differences in the relative affinity for peptide of each heavy chain, which correlated with and may be explained by differences between their thermal stabilities. These differences were completely consistent with the relative levels of the HLA-E alleles on the cell surface and may indeed correlate with functional differences. This in turn may help explain the apparent balancing selection acting on this locus.
The major histocompatibility complex (MHC) 1 in humans includes the HLA loci, a group of genes encoding glycoproteins that control cell-to-cell interactions and regulate immune responses. These include the classical class I loci HLA-A, -B, and -C, whose role in immunological recognition is now well understood (1) . In addition to these genes, the MHC contains three highly homologous, nonclassical class I genes, HLA-E, -F, and -G, each of which probably plays a specialized role in the immune response. All three genes are located in relatively close proximity within the class I region and together with the classical class I antigens constitute the complete list of active class I genes in humans (2) . The remainder of the class I-like sequences are apparently pseudogenes (e.g. HLA-H), gene fragments, and other inactive but structurally homologous sequences. Each of the nonclassical class I genes can be distinguished from classical class I genes by their expression levels, as is the case for HLA-E, which is ubiquitously expressed but at much lower relative levels (3), or by their tissuespecific expression patterns in the case of HLA-G (4) and HLA-F (5, 6) . Each is hypothesized to have a unique function in immune responses.
Of the three nonclassical class I genes, the function of HLA-E has been the most completely elucidated through its interaction with CD94-NKG2 receptors (3, 7) . CD94 is a type II glycoprotein that is expressed on most NK cells and a subset of T lymphocytes (8, 9) . It forms a heterodimer with the NKG2A/B, NKG2C, NKG2E, and NKG2H glycoproteins (10, 11) . Interaction with such CD94 heterodimers can augment, inhibit, or have no effect on NK cell-mediated cytotoxicity and cytokine production (12) . Surface expression of HLA-E requires, and is therefore controlled by, the availability of any of a set of highly conserved nonamer peptides that are available from the signal sequences of other HLA class I molecules including HLA-A, -B, -C, and -G but not HLA-F (13) . When peptide is available, the resultant complex can interact normally with the CD94-NKG2 complex (3, 7) . Further, the ability of HLA-E complexes to interact with CD94-NKG2 ligands is affected by the particular nonamer that is available for binding. For example, HLA-E may gain a novel function when it binds the unique peptide that only HLA-G can provide (14) . Since HLA-E is also expressed in those placental cells normally expressing HLA-G, such a potentially activating function is suggestive of a unique role that HLA-E might be playing in the placenta.
Polymorphism among HLA class I antigens has long been thought of as a hallmark of the functional diversity required of these molecules (15) . Whereas high levels of polymorphism in HLA class I have been maintained by overdominant selection (16) , in contrast the nonclassical class I molecules HLA-E, -F, and -G have been under a distinct selective pressure, exhibiting very low levels of allelic polymorphism. Two nonsynonymous alleles of HLA-E have been found, E*0101 and E*0103 (17, 18) , and although others have been reported, it appears likely that they are the result of sequencing artifacts (19) . The two confirmed HLA-E alleles have been referred to as HLA-E G (E*0101) and HLA-E R (E*0103), since they are distinguished by having either an arginine (-E R ) or a glycine (-E G ) at position 107 of the protein, located on a loop between ␤-strands in the ␣2 domain of the heavy chain. HLA-E G and -E R are found at nearly equal frequencies in diverse populations. Evidence that some form of balancing selection is acting on this gene to maintain the two alleles of HLA-E has been reported (20) . Such selection would imply that there are functional differences between the two alleles.
In order to investigate the underlying rationale for potential functional differences, we examined the two HLA-E alleles individually for various characteristics that might affect function. Preliminary evidence had indicated that different levels of surface expression of HLA-E could alter its ability to protect cells from NK lysis by NKL cells (3) . 2 Therefore, we examined the HLA-E alleles for differential surface expression levels and, having found evidence for this, undertook experiments to understand the physical basis for these differences. By comparing differences in peptide affinity, three-dimensional structure, and thermal stability of the HLA-E G and -E R in complex with various peptides, we were able to elucidate important differences in the physical characteristics of these molecules that may form the basis underlying the effective balancing selection that appears to have been acting on this locus.
MATERIALS AND METHODS
Cell Culture-LCL 721.221 was obtained from the ATCC and maintained in RPMI 1640 medium supplemented with 10% (v/v) fetal calf serum, 2 mM L-glutamine, and 1 mM sodium pyruvate. Transfectants were established by electroporation using the pNS vector followed by G418 selection at 0.8 mg/ml.
Construction of Plasmid, Protein Expression, and Refolding-DNA coding for a glycine-serine linker and a BirA substrate peptide (21) was fused to DNA encoding the HLA-E G or -E R heavy chains by PCR with the 5Ј-primer (CGCGCGAATTCAGGAGGAATTTAAAATGGGCTCCC-ACTCCTTG and the 3Ј-primer (GCGCAAGCTTTTAACGATGATTCC-ACACCATTTTCTGTGCATCCAGAATATGATGCAGGGATCCCGGCT-TCCATCTCAGGGTGACGGGCTCG containing the underlined EcoRI and HindIII restriction sites, respectively. The 5Ј primer also contained a ribosomal binding site, a translational spacer element, an N-terminal Met, and the first 5 amino acids of HLA-E exon 2. PCR products were ligated into pHN1ϩ vector (22) and expressed in Escherichia coli strain UBS (23) . ␤ 2 -Microglobulin (␤ 2 m) in pHN1ϩ was kindly provided by D. C. Wiley (Harvard University, Cambridge, MA) and expressed in E. coli strain XA90.
Both heavy and light chain (␤ 2 m) inclusion bodies were isolated from cell pellets, washed repeatedly in detergent, and solubilized in 8 M urea, 25 mM MES, pH 6.0, 10 mM EDTA, and 0.1 mM dithiothreitol (solubilization buffer) as described (24) . Refolding was accomplished using a variation of the method of O'Callaghan and co-workers (25) by dilution of 12 mg of ␤ 2 m (in 2 ml of solubilization buffer) into 500 ml of 400 mM L-arginine, 100 mM Tris, pH 8.0, 2 mM EDTA, 0.5 mM oxidized glutathione, 5 mM reduced glutathione, and 0.2 mM phenylmethylsulfonyl fluoride (refolding buffer). After 1 h at 4°C, 18.5 mg of heavy chain (in 30 ml of solubilization buffer) and 17 mg of peptide (in Me 2 SO at 1.7 mg/ml) were added. The initial molar ratio of heavy chain/␤ 2 m/peptide was 1:2:30. The refolding mixture was pulsed three times with additional heavy chain at 12-h intervals. After 48 h, the refolding mixture was concentrated initially on a stir cell (Amicon, Beverly, MA) and subsequently in a 10-kDa cut-off Centriprep ultrafiltration unit (Amicon). Refolded HLA-E was separated from aggregates and buffer exchanged into 50 mM Pipes, pH 7.0, 150 NaCl, 1 mM EDTA, and 0.02% NaN 3 on a Superdex 75 prep-grade size exclusion chromatography column (Amersham Biosciences).
Construction of pNS Vector Expressing Fusion Proteins-HLA-E
R (E*0101) and HLA-E G (E*0103) cDNAs were prepared from RNA using B-LCL E R or E G homozygotes by reverse transcriptase and PCR as described (26) . The mature full-length proteins were fused to exon 1 of HLA-A2, -B27, -C7, -C14, -C15, or -G, respectively, using PCR and appropriately designed primers, and the chimeric cDNAs were then cloned into the pNS vector (27) .
Immunofluorescence Staining and FACS Analysis-Cell surface expression of different HLA-E constructs was measured by indirect immunofluorescence staining as previously described (13) . Briefly, cells were preincubated with a saturating concentration of monoclonal antibody 3D12 followed by washing and labeling with fluorescein isothiocyanate-conjugated goat F(abЈ) 2 anti-mouse Ig (BioSource, Camarillo, CA). Samples were analyzed on a FACScan cytometer (Becton Dickinson, Mountain View, CA).
Measurement of Relative Peptide Affinities-Peptide binding to HLA-E G and -E R was compared and quantified using a sandwich enzyme-linked immunosorbent assay method essentially similar to that recently described (28) . Briefly, polystyrene (96-well) plates were coated with 100 l of HLA-E-specific monoclonal antibody 3D12 (13) diluted in sodium carbonate buffer (pH 9.6) at a concentration of 20 g/ml. 100 l of HLA-E folded with different peptides at 1:250 dilution in 2% bovine serum albumin/phosphate-buffered saline was added into each well after the excess of the coating monoclonal antibody was removed, and the uncoupled sites were blocked with 5% skim milk in phosphatebuffered saline. Plates were incubated for 1 h at room temperature and washed three times with 0.05% (v/v) Tween 20 in phosphate-buffered saline. After a 1-h incubation of 0.2 g/ml peroxidase-conjugated rabbit anti-human ␤ 2 m (Dako) in 2% bovine serum albumin/phosphate-buffered saline, plates were washed, and 100 l of tetramethyl benzidine substrate (BioSource) was added into each well. 15-min incubation at room temperature was stopped by adding 100 l of 2 M H 2 SO 4 into each well.
To measure peptide-dependent refolding of HLA-E, 2 M of ␤ 2 m was refolded with 1 M heavy chain and peptide at various concentrations as the refolding condition described above, except the refolding mixtures were reacted for 1 h at 4°C. The relative amount of HLA-E refolded in the presence and absence of added peptide was quantified and compared with maximum assembly achieved using 100 M VMAPRTLVL (the HLA-B7 nonamer). Peptide concentrations yielding half-maximum assembly were read directly from the curve and used to compare relative binding to E G and E R . This assay thus gives an indirect estimate of relative affinity as described (28) .
Western Blotting and Immunodetection-Total cell lysate was prepared and separated on a 14% Tris-glycine gel (Novex, San Diego, CA) and electroblotted as described (13) . HLA-E protein was detected by monoclonal antibody 7G3 followed by horseradish peroxidase-labeled goat anti-mouse Igs (BioSource) at 1:5,000 dilution and finally with an enhanced chemiluminescence system (ECL; Amersham Biosciences). Densitometry was performed by scanning the x-ray film with a Sharp JX-320 scanner and quantified with ImageQuant 5.0 software (University of Virginia ITC-Academic Computing Health Sciences).
CD Thermal Denaturation Curves-Data were collected with an AVIV 62A DS CD spectropolarimeter equipped with a thermoelectric cell holder. Samples consisted of 7 M protein buffered to a pH of 7.0 with 10 mM potassium phosphate. Thermal denaturation curves were collected at 219 nm, the wavelength of the maximal difference between native and denatured protein CD spectra, over a temperature range of 25-85°C using a 1-cm path length cuvette. The time constant was 1 s, averaging time was 15 s, and equilibration time was 30 s with a bandwidth of 1 nm. All curves were normalized to a single reference curve by application of a simple scalar multiplier. Each curve represents the point-by-point average of three separate denaturation runs, averaged after normalization. Melting temperatures (T m ) were estimated as the inflection point of polynomials fitted to the averaged curves; we estimate the accuracy of these measurements to be within 0.5°C.
Crystallization and X-ray Crystallography-Crystals of HLA-E G with the HLA-B7 nonamer (VMAPRTVLL; E G -B7) or HLA-E G with the HLA-B27 peptide (VTAPRTLLL; E G -B27) were grown by vapor diffusion at 22°C over a reservoir of 2.2 M (NH 4 ) 2 SO 4 , 2% PEG (M r ϭ 400) and 100 mM Tris (pH 8.0), conditions similar to those of O'Callaghan and co-workers (25) . Crystals were cryopreserved for data collection by using a mother liquor with 30% (w/w) sucrose. The E G -B7 data set was collected at Ϫ170°C at beamline 5.0.2 at the Advanced Light Source (Lawrence Berkeley National Laboratory, Berkeley, CA). The E G -B27 data set was collected at Ϫ170°C on an in-house Rigaku Raxis IV area detector. There are two molecules per asymmetric unit for both complexes. Diffraction data were processed with DENZO and SCALEPACK (29) (see Table I ).
Since the E G -B7 crystals were nearly isomorphous to the original E R -B7 crystals (25), the coordinates (Brookhaven Protein Data Bank 2 N. Lee, unpublished results.
(30) file 1mhe), stripped of waters and the side chain of residue 107, were fitted by rigid body refinement using the CNS software package (31) . The model was rebuilt using the xfit module in XtalView (32) against a composite omit map calculated in CNS. Simulated annealing torsional refinement, using the maximum likelihood target function mlf in CNS, was followed by alternating rounds of rebuilding, positional (using the mlf target function), and group B-factor refinement. The progress of the refinement was confirmed by the monotonic decrease in both R cryst and R free (33) . Loose noncrystallographic symmetry restraints were applied globally until it was realized that one loop differed between molecules in the asymmetric unit, when noncrystallographic symmetry restraints were removed from that loop. The electron density maps were clear, unambiguous, and readily interpretable except in regions where residues have been built as glycines or alanines due to poor side chain density: heavy chain residues 17 (molecule 1 only), 54, 176, 196, 225 (molecule 2 only), 226 (molecule 2 only), and 256 and ␤ 2 m residues 19 and 75. Building and refinement of the E G /B27 structure proceeded by a similar protocol except that the E G -B7 structure was used as the starting point. In order to maintain the independence of the test set, the test reflections for this data set were matched to the E G -B7 test reflections (34) . Both structures include a single ordered sulfate molecule bound between platform domains. The same side chains are missing as for HLA-E G -B7, except that ␣-chain residue 226 of molecule 2 has been modeled. Both structures include interpretable density for residue 1, not visualizable in the HLA-E R structures. Refinement statistics for both structures are given in Table I .
RESULTS

HLA-E Alleles Are Differentially Expressed at the Cell Surface-
In previous studies of HLA-E allelic distribution, it was hypothesized that balancing selection might be acting on the two HLA-E alleles, possibly reflecting a functional difference between them (20) . In this regard, it was noteworthy that HLA-E allelic variation greatly affected the intracellular transport and cell surface expression of HLA-E when transfected into mouse cells (35) . In order to gain further insight into what distinguishes the HLA-E G and -E R complexes, we constructed a set of hybrid genes similar to that previously described (13) . Each of these hybrid genes contained the signal sequence derived from an HLA-A, -B, -C, or -G gene physically connected to the HLA-E G or -E R mature protein coding sequences. The HLA signal sequence nonamers available for binding to HLA-E by each of these constructs were representative of those widely available in populations. In addition, the B27 nonamer has been shown to bind poorly to the HLA-E R protein, and the HLA-C7-and HLA-G-derived nonamers have been shown to interact differentially with the CD94-NKG2 ligands (14) . Thus, a representative set of HLA-E-nonamer peptide complexes was available for comparison as discrete complexes.
Each of these cDNA constructs was cloned into vector pNS and expressed in 721.221 cells in order to look first at the expression levels both intracellularly and on the cell surface. Fig. 1 shows the results of FACS analysis, which showed that in every case of peptide-HLA-E complex formed, the E R complex appeared at lower surface levels than did E G . This was most pronounced in the case of the B27-derived nonamer, since little or no HLA-E R complex was expressed on the surface of these cells. These differences were apparently not due to lower overall levels of HLA-E protein in these cells as evidenced by Western analysis measuring relative levels of the two allelic heavy chains as roughly equal (Fig. 1, bottom) . The small differences that were apparent from this measure were significantly less than those measured on the cell surface (e.g. B27).
Whereas the transfected hybrid constructs allowed us to measure the relative expression levels of HLA-E R and -E G with individual peptides, we examined the relative expression levels (2) in B LCLs from individuals that were typed as HLA-E R or -E G homozygous in order to see whether these differences were reflected in normal cells (where more than one nonamer peptide might be available). After identifying several lines that were homozygous, they were further matched with regard to the nonamer peptides that were available for HLA-E binding. In some cases, this meant that the HLA-A, -B, and -C allotypes were the same, but in many cases these types were distinct, since the nonamers available for HLA-E binding are shared among several alleles and even between loci (e.g. HLA-A1 and -Cw14). Again, the relative differences in expression levels between the allelic variants were clearly evident; in each case, the E G homozygous cells expressed higher levels of HLA-E complex (Fig. 2) . There was some difference in the relative levels depending on the different mix of nonamer peptides available (e.g. compare A with B). To some degree, this was reflective of the relative differences found between the hybrid constructs and individual nonamers. However, it was interesting to find that not only the nonamer peptide but also the HLA-A, -B, and -C allotypes appeared to influence surface expression. The relative surface levels of the two alleles differed markedly, with highly similar HLA-A, -B, and -C alleles providing nonamer as shown in Fig. 2C (A*3201, B*4402, and C*0501 providing peptide to HLA-E R and HLA-A*3303, B*44031, and C*1403 providing peptide to HLA-E G ). In contrast, a significantly narrower difference in surface expression levels was detected in Fig. 2D despite the fact that the same nonamers found in Fig. 2C pair were available for binding (HLA-E R with HLA-A*0101, B*3701, and C*0602 versus HLA-A*2902, B*44031, and C*1601 with HLA-E G -bearing LCLs).
Measuring Differential Peptide Affinity for HLA-E R and -E
G -As one of three required components for folding a functional class I molecule, peptide has the ability to alter complex formation through the binding energy available, through its interaction with heavy chain, to stabilize the folded structure. Therefore, peptide affinity is indirectly reflected by complex folding efficiency. We used a qualitative measurement, based on the ability of peptide at different concentrations to drive the formation of complex in a refolding mixture as described (28), as an estimate of the affinity for different peptides of the E G and E R alleles. The results of this experiment, using seven distinct nonamer peptides, are shown in Fig. 3 , where increasing peptide concentrations are titrated against constant levels of each of the two allelic heavy chains and ␤ 2 m. In each case, the relative affinity of the E G heavy chain for peptide was significantly greater than that of E R , largely reflecting the relative differences found in surface levels when single allelepeptide combinations were examined (Fig. 1) . The most dramatic affect was seen using the HLA-B27-derived nonamer, where little complex could be formed with the E R heavy chain even at high peptide concentrations. Higher (but still relatively low) affinity for the E G allele was apparent, although at high concentrations both complexes could be refolded and intact complex isolated (see below for stability measurements).
The relative difference in peptide concentration required to achieve refolding of the two alleles was substantial as meas- ured by the point at which 50% of heavy chain was converted to refolded complex (Fig. 3) . Differences of over 2 orders of magnitude were apparent between alleles when the B7-derived nonamer VMAPRTVLL was used. Smaller relative differences were seen for other nonamers, varying from 7-fold to over 14-fold. The two poorest drivers of refolded complex formation were the Cw7-and the B27-derived nonamers; the latter was shown to yield relatively low levels of the HLA-E G complex on the cell surface and almost nonexistent surface levels of the HLA-E R complex. Interestingly, when the HLA-Cw7-derived nonamer is complexed with HLA-E (either allele), the complex formed is not functional in the interaction between HLA-E and CD94-NKG2A despite promoting the formation of stable surface-expressed HLA-E (14) .
Thermal Stability of HLA-E in Complex with Different Peptides by CD-In
order to assess the effect of substitutions at position 107 or in the bound peptide on the thermal stability of HLA-E, we determined the melting transition temperature (T m ) by following the thermal denaturation of different HLA-E-peptide complexes by CD spectroscopy (see Fig. 4 ). Three different peptides were used in these experiments, derived from the leader peptides of HLA-B7 (VMAPRTVLL), HLA-B27 (VTAPRTLLL), and HLA-G (VMAPRTLFL). Data were also collected from "empty" HLA-E molecules refolded in the absence of added peptides. Prior studies have shown that classical MHC class I proteins (H-2K d ) have T m values in the range of 52-61°C depending upon the peptide used, whereas "empty" molecules have a T m of 45°C (36, 37) . In these experiments, the HLA-G-and HLA-B7-derived peptides yield identical T m values when bound by either HLA-E G (T m ϭ 52°C) or HLA-E R (T m ϭ 49°C), suggesting that these substitutions at positions P7 and P8 do not affect stability. This is consistent with the results of the crystallographic analyses; the residue at P7 is either of the relatively conservative pair of valine or leucine, with the small movements at the C␣ of this peptide residue (Ͻ1 Å) correlated more with which position the molecule occupies in the asymmetric unit and not with the identity of the P7 residue (see below); the side chain of residue P8 extends into solvent. Top, the results of enzyme-linked immunosorbent assay using antibodies 3D12 plate-bound and peroxidase-conjugated rabbit anti-human ␤ 2 m (Dako) to assay refolded material are diagrammed for each of seven pairs of refolding experiments. The concentration required for refolding was quantified and compared with maximum assembly achieved using 100 M VMAPRTLVL. Relative amounts are indicated on the vertical axis, and the logarithmic scale of peptide concentrations is indicated on the horizontal axis. The peptide used in each refolding is indicated in the upper left corner of the graph, and the HLA allele from which the sequence was derived is indicated immediately below. Bottom, comparison of median peptide concentrations required for HLA-E G and HLA-E R complex refolding. The concentration of peptide required to refold 50% of the HLA-E complex is presented for each of the peptide and HLA-E G and HLA-E R heavy chain combinations. Peptide sequences used are indicated at the left of the graph. Solid bars indicate results using the HLA-E G heavy chain, and open bars indicate HLA-E R refolding results.
The asterisks indicate that the tested peptide concentrations did not achieve median refolding levels.
empty (40°C). We would argue that even these relatively modest differences in T m are significant, given the quality of the data as evidenced by the nearly complete overlap of the G and B7 peptide curves.
Crystallographic Analysis of HLA-E G -In order to determine the structural consequences of (i) the arginine-to-glycine substitution at position 107 and (ii) the substitutions present in different HLA leader-derived peptides presented by HLA-E, we determined the structures of HLA-E G in complex with two different peptides by x-ray crystallography: VMAPRTVLL (derived from the HLA-B7 leader) and VTAPRTLLL (derived from the HLA-B27 leader). The structures were determined at resolutions of 2.8 and 3.1 Å, respectively, using the previously determined HLA-E R -B7 crystal structure (38) as an initial phasing model. Since there are two molecules per asymmetric unit for each of the three complexes, which we refer to as positions 1 and 2, together these analyses yield a total of six independent views of the HLA-E structure. Great care was taken during the E G refinements to minimize model bias, including the stringent use of composite omit maps in the initial phases of rebuilding.
The crystallographic analysis revealed the expected, classic MHC class I fold (39) , with the heavy chain, or ␣-chain, folded into the peptide-binding ␣1␣2 platform domain and immunoglobulin-like ␣3 domain, associated with the invariant, immunoglobulin-like light chain (␤ 2 m; see Fig. 5A ). The six independent views of the HLA-E structure are all extremely similar, with pairwise superposition root mean square deviations, calculated on all common C␣s, of between 0.11 and 0.85 Å ( Table I) . The most pairwise similar models are the E G -B7 and E G -B27 molecules sitting at position 1 in the two different E G asymmetric units, followed closely by the E G -B7 and E G -B27 molecules sitting at position 2; the largest differences occur between the molecules at position 1 or 2 in either of the two E G structures. The two E R -B7 molecules (positions 1 and 2) are much more similar to each other than either pair of E G molecules (positions 1 and 2) because of the application of much tighter noncrystallographic symmetry restraints in the E R analysis. Differences in E G structures at the two positions in the asymmetric unit reflect, in part, the affect of the different crystal environments at the two positions on flexible loops and side chains of solvent-exposed residues. Differences between E G and E R structures are probably somewhat influenced by the slight differences in the crystallization regimens.
The largest differences among the HLA-E structures ( Fig.  5A ) occur at the loop corresponding to the region of classical MHC class I proteins associated with CD8 binding (residues 222-229) (40) . The backbone of this loop moves by up to 4.6 Å between matching C␣s between the molecules at positions 1 and 2 in the two E G complex structures, although this loop retains a similar conformation in both molecules at either position 1 or 2 in the two structures. The loop adopts a similar conformation in both E R molecules (positions 1 and 2), again probably due to the tighter noncrystallographic symmetry restraints, intermediate between the conformation seen in either of the molecules at position 1 or 2 in the E G structures. When the CD8 loops (residues 216 -230) are excluded from pairwise superpositions, the root mean square deviation values fall to between 0.50 and 0.66 Å. There are less dramatic differences in the loops formed by residues 133-139 and residues 193-199. However, the CD8 binding loop and the 133-139 loop are involved in crystal contacts; therefore, these loops may be best described as conformationally ill defined, or flexible, loops that have the particular conformations observed in the crystal structures selected by packing interactions and/or the particular crystallization/cryopreservation conditions. Our analysis therefore suggests that the failure of HLA-E to bind CD8 is not strictly due to constraints holding this loop in a nonbinding conformation imposed in the context of the HLA-E heavy chain.
Structural Affect of the Gly/Arg Allelic Substitution-The arginine-to-glycine substitution has a very limited effect on the structure of HLA-E; the C␣ positions of residues 104 -109 are within 0.8 Å of each other among the six different structures, and the side chains adopt comparable rotamers and conformations. This substitution does result in the elimination of a hydrogen bond between the side chains of Arg 107 and His 3 and in the apparent, slight rearrangement of the hydrogen bond network around the residues surrounding position 107 in the E R versus E G structures (Fig. 5B) . However, structural changes in this neighborhood are more dramatic between the molecules at positions 1 and 2 in the E G structures than between corresponding E G and E R structures, suggesting that these residues are more strongly affected by the crystal environment (residue 107 lies in a loop contacting the ␣3 domain of a neighboring molecule) than by the arginine-to-glycine substitution.
The residue at position 107 in HLA-E is not expected to directly or indirectly affect the interaction with NKG2-CD94 heterodimeric receptors on the basis of a model of the NKG2A-CD94-HLA-E complex derived from the structure of the NKG2D-MICA NK cell receptor-ligand complex (41) . In this model (see Fig. 5B ), CD94 overlies the ␣1 domain of HLA-E, with a small hydrophobic patch on CD94 (Phe 114 and Leu 162 ) matching a similar patch on HLA-E (Ile 73 , Val 76 , and the side chain of the P8 residue in the peptide, leucine in the crystal structure). There is no comparable hydrophobic patch on the ␣2 domain of HLA-E underlying the presumed position of the NKG2 moiety, but Phe 114 and Leu 162 are replaced with serine and lysine, respectively, in the sequences of both NKG2A and NKG2C, thus accommodating this change. The ␤6 strand and the ␤6/␤7 loop in CD94 are dominated by four acidic residues (Asp 163 . The side chain of the arginine at the P5 position in the peptide would be able to exchange hydrogen bonds with residues from either NKG2 or CD94 at the homodimer interface. Gln 112 in the ␤2/␣1 loop of CD94 is in position to reach into the peptide binding groove, hydrogen-bonding to the peptide backbone at either P4 or P5. In this model, no atom in any allowed conformation of the side chain of an arginine at position 107 approaches closer than 9 Å to any atom in NKG2A.
Effect of Different Peptides on Structure-The HLA-E structure is even less affected by the methionine-to-threonine substitution between the HLA-B7-and HLA-B27-derived peptides at the P2 position (see Fig. 5C ) or the leucine-to-valine substitution at the P7 position. There are no significant conformational differences among HLA-E residues lining the corresponding pockets for these peptide residues. There are minor differences in the side chain of Ser 24 in the P2 pocket, which adopts different rotamers in the HLA-E R versus the HLA-E G structures, although these differences may be the result of different interpretations of moderate resolution electron density maps. The methionine-to-threonine substitution at P2 does increase the volume of a cavity, located adjacent to the P2 side chain, from ϳ31 to 53 Å 3 , a direct consequence of the smaller size of the threonine side chain and the lack of compensating rearrangements of pocket residues. Such cavities have been directly linked to protein stability in other studies (42) , and this is the likeliest explanation for the effect different peptides have on HLA-E stability (see below).
DISCUSSION
In the present study, we opened a thorough investigation of the biochemical differences between the two nonsynonymous HLA-E alleles. This study was motivated primarily by our initial observation that, in most cases, the HLA-E G allele was expressed at higher levels than the HLA-E R allele in human transfected cells regardless of which peptide was bound. This observation was confirmed by a similar comparative analysis of HLA-E expression on normal cells, where, to a degree depending on the available classical class I signal sequences, the HLA-E G allele was expressed at significantly higher levels. Since studies have suggested that cell surface levels of HLA-E can affect the signaling through CD94-NKG2 (3, 14, 43) , such a physical difference in cell surface expression levels might be (40)) is shown, with HLA-A2 shown in a ribbon representation as in B and with the two domains of CD8 shown in space-filling style and colored either blue or purple. The CD8␣␣ binding loops (residues 222-229, within the white translated into functional differences between these molecules. An additional dimension of complexity is introduced by the identity of the bound peptide and the particular allele, since such functional differences have been demonstrated to depend on these factors for HLA-E (14) .
We first considered the possibility that the substitution of glycine for arginine at position 107 would result in structural differences between the two alleles, and since the crystal structure of HLA-E R had been solved (38) , we undertook the crystallographic analysis of HLA-E G complexed with two different peptides. However, the structures of the peptide-binding, ␣1␣2 platform domains of HLA-E with either peptide bound to either of the two alleles are essentially identical within the accuracy of the analysis. Therefore, the structures do not immediately provide an explanation for the significant difference in the stability of the two alleles. The one structural difference that is observed between HLA-E G and HLA-E R is the presence of an additional hydrogen bond in the HLA-E R molecule involving the side chain of arginine 107, although this might naively imply that the HLA-E G allele would be less stable than the HLA-E R allele, the opposite of what is observed. Likewise, the presence of an additional glycine in the HLA-E sequence would be predicted to result in a larger loss of entropy during folding, destabilizing the HLA-E G structure relative to HLA-E R , again the opposite of what is observed.
Direct affects on stability, and thus indirect affects on cellsurface half-life and peptide or receptor affinity, can be explained by the gain or loss of stabilizing interactions between HLA-E alleles and the various bound peptides. Differences in the identity of the P2 residue of the peptide result in cavities within the peptide-platform domain complex structure by varying the quality of fit of the different peptides into an apparently rigid protein structure. The relative quality of the fit of peptide into platform correlates well with the differences in thermal stability and cell surface expression levels measured for HLA-E complexes with different peptides. As a consequence, each allele shows differing affinities with distinct peptides in a manner that correlates with the differing stability. The HLA-B27-derived nonamer provides a striking example of this difference. The HLA-E G heavy chain does form complexes with the B27 nonamer, albeit at relatively high concentrations, whereas the HLA-E R molecule does not bind the nonamer under the conditions tested. This is reflected precisely in surface expression using the hybrid constructs with the B27 signal sequence fused to either HLA-E allele, where no detectable HLA-E R was observed on the surface of 221 transfectants, whereas significant levels of surface HLA-E G were observed under the same conditions, and in T m measurements, where the stability of HLA-E R refolded in the presence of the B27 peptide is comparable with peptideless MHC class I proteins.
The stability of the complexes was also consistent with a melting temperature of some 5°C higher for the HLA-E G /B27 nonamer complex. Indeed, with all peptides tested, completely consistent differences were observed between the alleles among all three measures of cell surface expression level, peptide affinity, and complex stability. Thus, the differences in expression levels are not due exclusively to the affinities for available peptide or to any other single factor, but instead are due to the interrelated combination of relative affinity and stability of the refolded complex. The measurements of stability show clearly that the E G complex has a significantly higher melting temperature over E R regardless of the peptide bound. Further, it is unlikely that peptide is limiting, since classical class I molecules, the source of peptide, are over 20-fold more abundant than the HLA-E complex (13) . Further, previous peptide feeding experiments had indicated that steady state HLA-E levels were controlled by the half-life of the complex and not by limiting peptide (3, 14) .
Although these studies implicate differing surface levels of HLA-E as a possible modulator of ligand interaction, we have not ruled out an effect of the substitution at residue 107 as altering an interaction between HLA-E and CD94-NKG2. In experiments carried out with transfectants in vitro, essentially similar results were observed regardless of the HLA-E allele used (3). Nevertheless, subtle effects that may have significance in vivo would probably not be detected in these experiments. However, no differences were observed in comparisons of HLA-E G and HLA-E R structures that would directly or indirectly affect the interaction with NKG2-CD94 heterodimers. The possibility that TCRs recognize HLA-E directly (44) adds the possibility that this position affects interactions with receptors other than NKG2-CD94. Therefore, it is at least conceivable that the allelic variation has two effects on ligand interaction, one determining quantitative differences in the amount of HLA-E complexes on the cell surface at any given time and the second distinguishing the molecules qualitatively through alterations in the effective affinity for interacting receptors.
The level of selection acting on the HLA-E locus to balance these alleles in the population is not entirely clear, although at least two possibilities can be envisioned. Whereas the present study was limited to an examination of HLA class I signal sequence-derived peptides, TCR-derived peptides have been reported to bind and be presented by HLA-E (45). If, as these studies suggest, HLA-E does prove to be involved in TCR V␤ peptide presentation, the likelihood that these peptides show differential binding between the two alleles seems plausible. Indeed, of the seven peptides tested, in every case the relative affinity of peptide was higher for HLA-E G (Fig. 3) . Evidence for pathogen-derived peptides binding and being presented by HLA-E has also been suggested (46) , and evidence for recognition of HLA-E by TCR ␣/␤ seems to support such a possibility (44) . It therefore is conceivable that selection for maintenance of two HLA-E alleles could be acting at the level of regulation of peripheral T cell function, of pathogen-mediated immune recognition, or both.
Alternatively, an additional and significant level of balancing selection might operate via HLA-E expression in the placenta. Several facts go together to implicate this as a mechanism for a relatively rapid stabilization of a new allele in a population. First, placental trophoblasts expressing HLA-G also express HLA-E complexed with the HLA-G nonamer (47) . A relatively large difference in binding affinity, derived from the differential ability of peptide to foster protein folding, between HLA-E G and HLA-E R for the HLA-G nonamer was observed (Fig.  3) , suggesting a relative difference in surface expression levels between these alleles in the placenta. Since the HLA-E/G nonamer complex can evoke an inhibitory or stimulatory response from NK cells (14) and since relative surface levels are likely to directly influence the efficiency of either inhibition or stimulation via CD94-NKG2, it is plausible that there is significant room for modulation of function in the arena of the maternal-placental immune interaction. Indeed, a unique NK response is associated with pregnancy (48) , and rather than acting to inhibit NK activity in the maternal decidua, HLA-E may indeed act to stimulate NK to secrete cytokines appropriate for a stable immunological environment. The proper balance of inhibition and stimulation to yield a stable pregnancy may require higher or lower levels of HLA-E, depending upon other immunological and genetic factors present, thus conceivably providing strong selection on a newly introduced HLA-E allele.
